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\\\\ ABSTRACT

A recent version of a torsional ﬁopkinson-bat apparatus,

capable of high strains such as found in metal working, is ”f;?f
briefly described. The magnitude of exial forces and bending |
waves in the system during a test is determined and their
effects on measured flow stress shown to be negligible.

Adaptions to the system to permit elevated tegperature
testing are described. At the specimen ends, ;h€/;itanium
alloy elastic bars are extended ﬁy steel tubes to which the
specimen may be brazed. The end o;wéich tube glued to a
titanium alloy bar has an internai diameter which results in
an impedance match at the joint. The internal diameter over
the remainder of the tube is tapered to keep the impedance
along the tube approximately constant for the temperature
gradient occurring in a test at 400°. a simple electric
resistance furnace is used for the heating.

~Test results for a low carbon free-machining steel
are given, for shear strain rates up to 4330/8 and tempera-
tures up to sooéc. In all but'one case this material
fractured in the dynamic tests before the potential strain
was realised, but shear strains of about 1.3 were usually
obtained. Because of the large strains, adiabatic heating
during the dynamic tests had a substantial effect on the
stress-strain curves. The dynamic strain ageing effect was

clearly evident from the tests at 400°c and 500°c.
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1. INTRODUCTION

To obtain stress-strain data for the analysis of high
speed forming processes such as strip rolling, wire drawing,
ironing and machining, a materials test should be carried

out to large strains in one step.

2§:§;xg‘§‘§::’§‘i-,sgg@ﬁ@«s‘ngﬁf T

A temperature rise due to near adiabatic heating will
then occur during the test as it does during the process.
The material in a process may be subjec* to even greater
temperatures than caused by adiabatic heating Lecause of die
friction and pre-heating. A suitable testing apparatus for
this purpose should therefore have provision for heating of
the specimen.

The torsional version of the Hopkinson-bar apparatus
lends itself to tests up to high strains (Ref, 1).
Design of such an apparatus capable of shear strains of 5
at shear strain rates of 5000/s has been described in a
previous paper. (Ref. 2). ' Investigations of bending and
simple axial stresses occurring in the specimen in this
apparatus are described in the present report. The apparatus
is also well suited to elevated temperature testing since
the strain gauges which are used in the measurement of stress
and strain during the test may be placed well away from the

heated region. The main problem is the attachment of the

specimen to the elastic loading and measuring system, one

-

feasible solution being presented here.
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APPARATUS
A. Basic System. The set-up for a room temperature

test and the corresponding wave diagram is shown in Fig. 1.
There are two elastic bars, AC and DE, of titanium 318

alloy (6% Al, 4% V), 25.4 mm in diameter. The specimen is

a thin-walled tube with flanges, the nominal dimensions
being shown in Fig. 2a. The specimen is locate: by spigots
machined or the ends of the titanium bars (Fig. 2a) and
glued to the bars using the epoxy resin adhesive, "Araldite".
The input bar AC may be clamped at B while the length aB is
pretwisted by hydraulic cylinders acting on xthe chuck (Ref.3),
The clamp design is shown in Fig. 2b. The torque stored

in AB may be monitored by strain gauges bonded to it. To
store a certain torque, the notched high-tensile bolt shown
in Fig. 2b must be sufficiently tight and the bolt torgue
necessary is found by trial and error and applied by a torque
wcench. To release the torque in AB, the bolt is further
tightened until it breaks at the notch. This results in a
torque T, , equal to half the stored torque, propagating
into the previously unstressed length BC, with a torsional
wave speed of 3160 m/s. The rise-time of this torque using
the clamp shown in Fig. 2b is approximately 20us . Tue
specimen dimensions are selected so that it will be plasti-
cally strained, and it therefore transmits a lower torque

T, into the output bar DE. Tinsley Telcon foil torque

2

gauges are bonded to the elastic bars in the positions shown
in Fig. 1 to measure T, and T,. A double pair of gauges

is placed on opposite sides of the bar in each position and

ccnnected in a full bridge circuit to cancel signals due

to any bending waves. The gauges are energised by a stabilised




D.C. supply set at 10V. The gauge outputs for T, and T,

are amplified and displayed on a Tektronix 551 dual-be:m
os Jilloscope, iggered by the opening of a circuit caused
by the movement of one arm of the clamp. Typical traces
are shown on the right of Fig. 1. The torque measuring
system is calibrated by dead weights applying a couple at
the loading chuck, with a solid dummy specimen glued to the
bars and the assembly clamped at E (Fig. 1}). Further
details of calibration equipment and instrumentation are
described by Clyens (Ref. 3).

At any time t , measured from the first rise of a
torque trace, T, and T, may be measured and used to find

the specimen strain rate at that time from (Ref. 4) :

2 1,00 - w0

= -
- Jpc & (1)

where J is the polar moment of area of the elastic bars,
p their density and c¢ the torsional wave speed in them.
r is the mean radius of the specimen tube and £ its
gauge lenath (1.27 mm in Fig. 2a). The specimen strain at
time t s found by numerical integration of strain rates
found from (1) for time intervals up to t. The correspond-
ing specimen shear stress is found from

T, (t)

T = (2)
2mr2 h
m

where h 1is the tube wall thickness.

B. Measurement of Axial Stresses

1f equation (2} is to give the shear flow stress of
the specimen material at any time, then it is essential that
axial stresses throughout the tube wall he absent or negli-

gible. Th2re does not appear to be any feature of the
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loading system which could induce a steady a«ial stress in
the system. It is possible, however, that such a stress
could occur within the specimen itself at high shear strains.

Fluctuating stresses in the axial direction may also occur

as a result of bending waves passing along the bar. ;
The presence of a steady axial stress, i.e. an axial

force in the bars during the test, was investigated first.

Tinsley Telcon linzar foil gauges, type 13/250/E/C, were

cemented to the output bar adjacent to the torque gauges

in the arrangement shown in Fiq. 3. This ar-~ngement was

chosen with the aims of cancelling any effect due to bending,

and of getting a suitable sensitivity. Since there were two

gauges in each arm it was possible to raise the bridge voltage

to 18V, which was supplied by dry cells. The sensitivity of

this system to axial force was determined directly by setting
the output bar vertical and loading it with weights. The
result agreed reasonably with calculations based on the

bridge circuit characteristics and the elastic modulus of

the bar. The output of the axial load bridge during a typical
test is shown by the lower trace of the oscilloscope photo

in Fig. 3, in which the upper trace gives T The first

2 *
deflection of the axial load trace occurs before that of the
output torque trace showing that it must be caused by a
l'ending wave which travels faster than the torsional wave.
Clearly then, this circuit does not entirely cancel bending
effects, possibly because of the length of the bar over
which the gauges are spread. After the early fluctuations,
however, a relatively steady value results for most of the
test time, being interrupted before the end of the test by

more fluctuations which appear to be the reflection of the

first bending wave from the free end of the output bar.

T o L _
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The average value of the steady part of the trace represents
an axial load of approximately 300 N which has a negligible
effect on the measured shear flow stress (Appendix 1lA).

Bending stresses in the elastic output bar, trans-
mitted by the specimen during a test, were measured using
a bridge circuit made up from half of the axial force gauges
(Fig. 4). This circuit could be used to measure bending in
the vertical or horizontal planes, by rotation of the output
bar to an appropriate position before gluing in the specimen.
The result of a measurement in the vertical plane during a
typical test is shown in Fig. 4. It is shown in Appendix 1B
that the peak values of the bending moment oscillations
represent a bending moment of approximately 12 Nm, implying a
peak direct stress on the specimen of approximately 89 MN/m?.
This direct stress would cause a maximum error of only about 1%
in the measured shear flow stress (Appendix 1B). Even with-
out these calculations it is evident from the traces in
Fig. 4 that the bending wave has a negligible effect on the
output torque since the torque trace remains smocth while
the bending trace oscillates, passing through zero several
times. Fluctuations were evident in output torque traces
for smaller diameter specimens (9.525 mm I.D.), probably
because the bending moment caused much greater direct stresses
in them. Similar calculations to those described above showed
that the measurcd shear flow stress could be affected by as
much as 6%. For this reason results for the smaller specimens
were discarded.

Bending was also measured in the horizontal plane by
rotating the output bar through 90° and retaining the gauge
connections shown in Fig. 4. The resulting bending trace

was similar to that found for vertical bendlng, but of onty
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half the magnitude. The vertical bending wave therefore

appears to be the main problem. In a test where a solid
dummy specimen was glued hetween the bars in place of a

tubular specimen, the specimen remained elastic and trans-

L S e it

mitted a vertical bending wave of maximum amplitude

i

26 Nm (19 ft. 1lb.). This was about the same magnitude as

A A A

the torque raquired to break the notched bolt, so the present

.;'
-4

7 bolt breaking method apprears to be responsible for the verti-

cal bending wave. Horizontal bending appears to arise from
i pre~twisting of the input bar which causes a static bending
of this bar which is suddenly released when the torque is
released. A more rigid bearing near the clamp should almost

eliminate this effect. 1In the test results given here, the

above problems have no significant effect. To achieve higher 5
strain rates, however, stronger clamp bolts would be required, ‘
giving larger breaking torgques and bending waves. The clamp

design would therefore need to be revised.

C. Adaptions for Heated Specimens

To carry out elevated temperature tests with the tor-
sional Hopkinson-bar system, there are two main problems to
be overcome, viz. attachment of the specimen to the elastic
bars and allowing for the change of elastic modulus G and
density p in the heated sections of the bars.

imlike the compression version of the Hopkinson-bar,
the torsion system requires the specimen to be bonded to
the elastic bars. This is achieved in tests starting at
room temperature with an adhesive, usually epoxy resin,
acting on surfaces normal to the bar axis. With mechanical

joints, thcre is danger of the introduction of an axial

stress or of slight yielding in the jcint which could affect
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the shape of the input torque pulse. While adhesives have

been develcped for high temperature work, their maximum
temperatures, at which sufficient strength is retained, are
still very limited. Gluing different metal specimens to

the titanium bars for high temperature tests is also unlikely
to prove successful because of differential thermal expansion.
Toyobtain data on a low carbon streel, reported here, this
joining method was therefore not pursued.

Since the specimen is joined to the loading and re--
cording bars, heating must take place in situ, giving rise
to temperature gradients in the bars. The elastic modulus
G and density p would then vary along the bar, causing
a variation of the impedance Jpc. This can be taken into
account in the analysis of the raw data (Ref. 5), or alterna-
tively, the bar diameter may be varied, to -rarv J and keep
Jpc constant (Ref. 6).

These problems may be solved for tests on a low carhon
steel with the arrangement shown in Fig. 5. Two short tubes
of plain carbon steel are glued to the elastic bars to become
extensions of them. During heating, the ends of the tubes
attached to the titanium bars are cooled with a spray of
water so that the glued joint remains at room temperature.
Since the tubes are of steel, the steel specimens may be
brazed to them in a straightforward way. For the present
tests, the specimen was brazed to the two tubes using an
induction heater, before gluing the resulting assembly into
the apparatus. A silver brazing alloy of m.p. 650°C. was
used in the form of 0.076 mm thick foil. Washers were cut
from the foil, coated with flux, placed on each side of the
specimen, and the specimen then located concentric with the

tubes using a mandrel. Fig. 6a shows the separate components
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and Fig. 6b the assembly ready for brazing. The assembly
was located vertically within the induction heater coil

using a pair of aligned vee-blocks as shown in Fig. 7. Dur-

ing heating the vee-block upper clamp was loosened slightly
to allow the weight of the upper tube to rest on the speci-

men, ensuring no gaps in the brazed joint. The 4 kW induction

heater required application of heat for just under a minute

to allow brazing to take place. During heating and cooling,
oxygen was kept from the heated part of the assembly by enclos-
ing it in an asbestos box into which there was a continual

flow of argon gas. Some oxidation of the specimen flanges

still took place, but the specimen tube itself was almost

T e ez rps gse o o
P A R A s E OO Y gk

| free of oxide, since it had been much cooler than the flanges

Ty
-“.‘:

during the heating process, firstlv because the high fre-

guency system heats the surface of the tube closest to the

o

coil and secondly because nf the presence of the locating

mandrel which was in contact with the internal diameter of

7 gent o oy oy
e svorncll

TSR

the tube and acted as a heat sink. Heating was relatively
’ slow, probably because the magnetic transformation temperature

was reached at the surface.

T A ar———
e L B

Brazing with copper shims was attempted but a sufficiently
high temperature could not ke reached with the 4 kW heater.

This restricted the maximum temperature of the tests to

500°C. With copper as the brazing metal, tests could be

\ conducted up to at least 8oo°c. Alternatively, the specimen
: could be machined integral with a pair of tubes, although

4 the machining operation would be tedious and difficult and

a lot of material would be wasted. In the brazing system,

the same tubes may be used repeatedly, the specimen being

DR et T LT

easily removed from them after a test by induction heating.
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The tube internal diameter at the glued (cool) end
is selected so that the steel tube impedance is matched to

that of the titanium bars, 1i.e.

s T T ()

where the suffixes s and t refer to steel and titanium

respectively, and J for a tube is given by

3= 3 (r5-) (4)
where r, is the outside radius and r, the inside radius
of the tube. With an outside diameter the same as the bars,
i.e. 25.40 mm, the inside diameter of the tubes at the
glued ends needed to be 20.72 mm.

The possible variation in impedance along the tubes

due to a temperature gradient must also be corrected. Con-

sidering the hot and cold ends for a test at 400°C, it is

required that

Juoo pkOO C’AOO = J20 020 CZO

or

Juoo JEWoo Puoo = Jao JGzo Pao .
G for steel decreases approximately linearly with tempera-
ture, from 82 x 10° MN/m?® at 20°C to 74 x 10°® MN/m?
at 400°C (Ref. 7). The coefficient of expansion for this
steel in this temperature range is 13.9 x 10°¢/°c so the

variation of p may also be estimated. This gives

3 = 7 Gzo . Pago
woo 20 V Gyoo Pyoo

1l
=
o
[2)}
—
(")

~
o
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Hence, to maintain “he same impedance at the hot end in a

test at 400°C, as at the room temperature end, J mnmust

be increased by 6.1%. Keeping the outside diameter con-

‘,? stant, tre inside liameter required at the hot end to

o 3 achieve this increase in J is 20.31 mm. For ease of
manufacture, tubes for a test at 400°C were bored with a

9 straight taper from a diameter of 20.72 mm at one end to

e 20.31 mm at the other. The temperature distribution along

such a tube, set up as in Fig. 5, was measured with a series

of Chromel-Alumel thermocouples contacting the outside dia-
meter. Fig. 8 shows this distribution and the resulting
variation of Jpc for the tapered tubes. This shows Jpc

4 to be constant within 0.5%. If the tube bores had not been
tapered, the temperature variation would have caused a

{ maximum variation in Jpc of 5.7% (Appendix II).

g‘ The specimen was heated with an electrical tube furnace
s made by Wild Barfield Ltd. for use with the Hounsfield Tenso-
meter testing machine. The temperature was measured at the

f; specimen flange using a Chromel-Alumel thermocouple as shown

in Fig. 9. The thin copper rings at the cool ends of the

g s

tures in Fig. 9 were used to ensur. that the cooling water
drained into a tube below the spray and did not flow along

the tube. The bars on either side of the elastic bar

DL NP R S W

assembly in Fig. 9 are simply to support the furnace which

% could easily be slid out of the way when attaching the

g specimen and tube assembly. Fig. 10 shows the furnace and

cooling system in position ready for a test. A rough control

¥ e i

on temperature was achieved with the Ether controller shown
3 in Fig. 10 and a thermocouple near the specimen, but as a

steady test temperature was reached, the Comark Thermocouple

Indicator was used with a thermocouple as in Fig. 9 to
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3. EXPERIMENTAL RESULTS

The material tested was a low carbon free-machining

steel of composition 0.125%C, 1.15% Mn, 0.37% S, supplied

as not-rolled 64 mm square bar. Photomicrographs of the
structure are given in Fig. 11.

A. Tests Starting at Room Temperature

All room temperature tests were performed withcut the
steel tube extensions, i.e. with the bar arrangement in Fig.l.

i) "Static" Testing at a very low speed was
carried out with a typical specimen (Fig. 2),
glued in place as usual. The input bar was
clamped and the output bar rotated at its
normally free end by an electric motor driving
through a reduction gearbox. The speed used
was 1.03 x 10~? rad/s. The bar torque was
recorded on the oscilloscope whose sweep rate
was set to a nominal rate of 10 s/cm , the
actual rate being measured with a stop-watch.
The strain for any torque reading was calculated
from the rotation speed and the sweep rate, a
correction being made for the wind-up of the
elastic bars (Appendix III). The traces for
one of the tests are shown in Fig. 12, while

stress-strain points for two static tests are

plotted in Fig. 13.

TR YA

ii) "Dynamic" Oscilloscope traces for two dynamic

Sozay

tests are shown in Fig. 14. In the test giving

Fig. ld4a, the shear strain rate averaged 2230/s

AT R S e

and for 1l4b, 4330/s. Apart from the initial rise

RRF

time of approximately 20 us, the strain rates

varied by only + 5% from the mean values.
Bt wizsea P _ _ H
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The stress~strain curves for these two tests are plotted
in Fig.13.
Assuming an adiabatic process, the temperature rise at

any strain y in the dynamic tests is given by

/oYrdy

AT = (5)
where s is the mean specific heat during the test. At a
temperature T °C, the specific heat of the steel is (Ref.7):

s = 420 + 0.504 T J/kg K. (6)
A computer program was written to evaluate the shear stress,
strain and strain rate, and the temperature, at intervals of
20 or 40 microseconds. To obtain approximate values of AT, 3§
at a given time was taken to be wviven by equation (6), using
the last calculated temperature. This procedure under-
estimates AT by 5-10%, but a similar error of opposite sign
is expected from the neglect of the stored energy of plastic
deformation. At a shear strain of unity, the calculated tem-
perature rises were 116 and 119 Oc at strain rates of 2230
and 4330/s respectively; these substantial rises indicate a
significant reduction in the work-hardening rate at large
strains.

The available test duration, about 1 ms, gave potential
shear strains of 2.23 and 4.33 at the two strain rates used.
In fact the specimens fractured at strains of about 1.4 and
1.3 respectively. The relatively low ductility of the
material is attributed to the presence of manganese sulphide
inclusions. These inclusions provide ideal sources for
cracks which propagate readily in the absence of a compressive

hydrostatic stress.
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B. Elevated Temperature Tests

o 8 )

o

Tests were carried out at starting temperatures of
200°C, 400°c (two tests) anad 500°C, and the oscilloscope
traces are given in Fig. 15. 1In all these tests, the steel

tube extensions were used, taper bored specifically for the

SRR T R A PP,

400°C tes:. The torque traces for T, in all cases show

P A X

a slight reflection from the joint between the solid input

. \ia’,_ TR

PS35I

bar and the tube. The torque rises by about 3% at this

st ¢

joint showing that J <€or the steel tubes is too large and

the internal diameter should be increased accordingly for

Sl A

future tests. (To decrease J for the tubes by 3%, the

internal diameter at the joint should be increased from

TR e T
3 i

20.72 mm to 20.91 mm, a change in wall thickness of .095 mm.)
In the two tests at 400°C, T, remains constant as it
traverses the tube, while in the test at 200°C it rises

slightly and in the test at 500°C it falls slightly. This

Sl S B bt Ak

; is consistent with the fact that the taper is matched to
f a maximum temperature of 400°C. Jdeally, different tubes

y should be made for each test temperature, but in the present

3 tests the temperature range is not very great and the

accuracy has not been significantly affected.
Stress-strain curves for the hot tests are given in

Fig. 16, together with a curve from one of the room tempera-

ture tests. There is little variation in stvain rate between

the tests of Fig. 16, so the effect of starting temperature

may easily be seen. 1In all the dynamic tests, temperature

rises are substantial, and these rises will be less where

the stress levels are less. It is therefore useful to plot

stress for several different strain levels against actual

temperature, i.e. the starting temperature plus the tempera-

ture rise. This has been done in Fig. 17 for the tests
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! represented in Fig. 16, after calculating temperature rises
L & as before.

= &

5

The increase of flow stress with temperature between

R

400°C and 500°C, which is evident in Fig. 17, shows that

ol Sy
Kb AS d s
o

dynamic strain ageing still takes place at a shear strain

r it

rate of about 2000/s. This characteristic explains the
apparent increase in strain hardening as starting temperature

is raised. The adiabatic temperature rise in the room

VR A S e

S temperature tests tends to soften the material, whereas

in a test starting at 400°c, further increases in temperature

R R

due to adiabatic heating cause dynamic strain ageing and an

¥ O TR,

increase in flow stress.

In all the elevated temperature tests, the specimen

H
k.
~/
po
el

was found fractured after the tests, but in the case of the
test starting at 200°C, the potential strain was apparently
realised. The specimen in this test may have fractured

during reversed straining caused by subsequent wave motion

in the elastic bars. Thus, ductility was enhanced by pre-
heating to 200°cC. Ductility decreased on heating tec higher

temperatures, however, the 500°¢C specimen breaking at a

st "."r;wf“':",,; i

N

strain of only 0.82.
; Repeatability for this testing system was not thoroughly

examined, but some indication is gained from the two tests

at 400°C. Here, the average difference between the tests
was approximately 3%. A repetition test was also made at
room temperature when using specimens of 9.525 mm inside

diameter, with a similar result.
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CONCLUSIONS

The torsional llopkinson-bar system has been shown to
give valid results for high strains and elevated temperatures.
The clamp design needs to be improved for tests at strain
rates greater than 5000/s and copper brazing will be required
for temperatures greater than 500°c.

The results presented for a low carbon free-machining
steel show a substantial effect of adiabatic heating. At
lower starting temperatures, this effect reduces apparent
strain hardening to zero and even negative rates, while
at high temperatures it enhances it. More tests are required
to check on accuracy and it would be particularly interesting
to examine further the effect of stirting temperature on
ductility. Tests on more ductile materials will allow the

system's full potential for large strain to be realised.
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APPENDIX 1A

Effect of Axial Load on Measured
Shear Stress

For the measured axial load of 300 N , the axial

stress in a specimen of 0.50 mm wall thickness is

_ 300 x 10“
X m(.84375% - .793752)

11.66 MN/m?

In a typical dynamic test, the measured shear stress
is 350 MN/m? . The state of stress in the tube wall may

then be described by o = 11.66 MN/m2 , o, = 0 and

Txy = 350 MN/m? . The maximum shear flow scress is then

given by

f o 2
X

350.05 MN/m?

~
]

Using von Mises' yield criterion instead of Tresca's

the effective shear flow stress is given by

(1B)
350.06 MN/m’.

Thus the measured shear stress underestimates the shear flow

stress iy less than 0.027.
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APPENDIX 1B

Bending Moment Calculations

For the circuit in Fig. 4, the output voltage is
given by
Vo = 1T (e, + €, - e, + €)) (2n)
where F is the gauge factor of the strain gauges used,

and £_ are the

€ €6

2! Fs

Vi is the input voltage and €, €
strains in the respective arms. Considering the gauvges in
the position shown in Fig. 3 and bending in the vertical
plane, (1A) becomes
F Vi
VO = T—X 2.6 Sb

where €y is the maximum bending strain at the upper svrface,

whence
_ 2.1 x 10
and 4 Vb

®% T3 T xI0X 2.6 -07326 Yo

From bending trace in Fig. 4, the maximum absolute

value of Vo is 0.95 mv

Hence € .07326 x 0.95 x 103

.0696 x 10-?

The corresponding maximum bending stress is then
Gb = E €
where E 1is the elastic modulus for the titanium alloy,

hence

106.2 x 10° x .0696 x 10~ MN/m?

Q
o
]

7.39 MN/m2.

The moment causing this stress on the titanium alloy

bar surface may be calculated from

M nr’
= C}_‘Tl
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where r 1is the bar radius. This gives

7.39 x 10° x « < 2,548

x 10-¢
4

M

11.889 Nm.

To simplify the stress distribution in the specimen
due to this bending, it is assumed that the specimen is
rigid - perfectly ziastic and the stress is therefore
uniformly distributed on each side of the neutral axis, but

changes sign at the neutral axis.
The magnitude of the uniform stress is then given by

g, = . (3a)

For the results described here, most specimens had
a wall thickness, h , of approximately 0.50 mm, while
all had an internal diameter of 15.88 mm , giving a mean

radius, Lo ! of 8.19 mm. Hence, from equation (334),

o, = 88.62 MN/m? .

Taking the measured shear stress, Ty’ as 350 MN/m?,
the flow stress in pure shear, given by equation (lA) or
(1B), is 352.8 or 353.7 MN/mz respectively. The measured

value thus underestimates the flow stress by at most 1.067 .
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APPENDIX IX

variation of J o c in Heated

Section of System

J pG J2o PG
Distance | Temp.| Inside J p G (Varé?ble (COn§§ant
from 0% radius, m# kg/m® | N/m?

centre, "] ry mm x 1lo~-%| x 10%| x 10° kgm?/s kgm?/s

cm x 1lo-? x l0-?

; 0 400 10.155 2.4159| 7.739 74 57.81 54.49
: 3 350 10.203 2.3841 ) 7.755 75 57.50 54.91
6 250 10.252 2.3511| 7.787 77 57.57 55.75

9 145 10.300 2.3184 | 7.821 79 57.63 56.60

12.7 20 10.360 2.2768 7.862 82 57.81 57.81
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APPENDIX III

Corrections for Wind-up of Elastic

Bars in Static Torsion Test.

Total twist of the elastic system for a torque T

is given by: %

= TL i
® = 33 |
= _2L < i
mrG }
i
Where r = the bar radius = 1.27 x 10™? m ;
L = the bar length betwveen the drive end
and the clamp = 2.25m
G = shear modulus of the bars
= 44.816 x 10° N/m? ,
giving

= 1,2286 x 10-® T radians.

For Test of Pig. 12:

T 1is measured at 2 cm intervals from the initial yield
point, which is detected by a kink in the torque trace.
Sweep rate = 9.4 s/cm and Output shaft speed is
1.03 x 10-? rad./s , so 2 cm interval represents:
2 x 9.4 x 1.03 x 10-® rad.

= 19.36 x 10-? rad.

Other data: Torque trace : lmm = 2,55912 Mm
Mean spec. radius, T, = 8.1955 mm
Wall thickness, h = 0.516 mm
Gauge length, ,Z = 1.27 mm

(See over for calculations)
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Stress-Strain Calculations

RN AR S AR B

6 Total, 6 due to bar
measured | wind-up , 10~° rad. 9 at ¥ r
Position T T frc_)_m Y.P. Measured 'spe_cimen é X —’-“-)
cm mm |Mn/m? | 107% rad.| ‘Total from y.p. 10~? rad spec
0 (y.p.)12.2{143.4 o] 38.36 0 o) o

2 15.5/182.2 | 19.36 48.73 10.37 8.99 0.058

4 18.2{213.9| 38.73 57.22 18.86 19.87 .128

6 21.5|252.7 | 58.09 67.60 29.24 28.85 .186

8 23.5|276.2 | 77.46 73.89 35.53 41.93 .271
10 24.71290.3 | 96.82 77.66 39.30 57.52 .371
12 25.8(303.2 | 116.18 81.12 42.76 73.42 .474
14 26.7|313.8 | 135.55 83.95 45. 55 82.96 .581
16 28.0(329.1 | 154.91 8R.04 49.68 [105.23 .679
18 28.5(334.9 | 174.28 89.61 51.25 |123.03 .794
20 29.0(340.8 | 193.64 91.18 52.82 140.82 . 909
22 29.5(346.7 | 213.00 92.75 54.39 158.61 1.024
24 29.7(349.0 | 232.37 93.38 55.02 |177.35 1.144
26 30.51358.4 | 251.73 95.90 57.54 194.19 1.253
28 30.5|358.4 | 271.10 95.90 57.54 213.56 1.378
30 30.7(360.8 | 290.46 96.52 58.16 232,30 1.499
32 31.0(364.3 | 309.82 97. 47 59.11 250.71 1.618
34 31.0(364.3 | 329.19 97.47 59.11 270.08 1.743
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Fig. 10 Furnace and cooling system in position for a test.
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